Gallbladder cancer (GBC) is a rare malignancy, associated with poor disease prognosis with a 5-year survival of only 20%. This has been attributed to late presentation of the disease, lack of early diagnostic markers and limited efficacy of therapeutic interventions. Elucidation of molecular events in GBC can contribute to better management of the disease by aiding in the identification of therapeutic targets. To identify aberrantly activated signaling events in GBC, tandem mass tag-based quantitative phosphoproteomic analysis of five GBC cell lines was carried out. Proline-rich Akt substrate 40 kDa (PRAS40) was one of the proteins found to be hyperphosphorylated in all the invasive GBC cell lines. Tissue microarray-based immunohistochemical labeling of phospho-PRAS40 (T246) revealed moderate to strong staining in 77% of the primary gallbladder adenocarcinoma cases. Regulation of PRAS40 activity by inhibiting its upstream kinase PIM1 resulted in a significant decrease in cell proliferation, colony forming and invasive ability of GBC cells. Our results support the role of PRAS40 phosphorylation in GBC cell survival and aggressiveness. This study also elucidates phospho-PRAS40 as a clinical marker in GBC and the role of PIM1 as a therapeutic target in GBC.
Introduction
Gallbladder cancer (GBC) represents the most prevalent form of biliary tract tumors. Although uncommon, this malignancy is aggressive and rapidly metastatic (Misra et al. 2006 ). Early detection is rare and incidental, with surgical resection being the only potential curative approach (Lazcano-Ponce et al. 2001) . Five year survival rate is 32% for lesions confined to gallbladder mucosa and 1 year survival rate is 10% for advanced stages (Lazcano-Ponce et al. 2001) . GBC patients present with poor prognosis since the disease is difficult to diagnose and treat. Majority of the GBC cases are diagnosed at advanced stages, where resection cannot be an option of treatment. In addition, the response to traditional methods of chemotherapy along with radiotherapy is limited (Bizama Tejaswini Subbannayya and Pamela Leal-Rojas contributed equally to this work.
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The online version of this article (https://doi.org/10.1007/s12079-018-00503-5) contains supplementary material, which is available to authorized users. et al. 2015) . New therapeutic options with improved outcome as well as reduced cytotoxicity and off-target effects need to be investigated. Recent clinical trials examining the effect of angiogenesis inhibitors such as bevacizumab and vandetanib on progression-free survival in GBC patients have not improved disease outcome (Jordan et al. 2016) . Besides, majority of the ongoing trials are mainly focused on biliary tract cancers and not on gallbladder cancer alone (Jordan et al. 2016) . Signaling pathways involving estrogen receptor, hedgehog, MIF and mTOR have been put forward as potential therapeutic targets (Zhang et al. 2013; Matsushita et al. 2014; Subbannayya et al. 2015a) , albeit warranting clinical validation. Hence, it is important to further evaluate the underlying molecular events involved in GBC tumorigenesis.
Cellular processes including growth, proliferation, differentiation, migration and apoptosis, are known to be mediated through signaling events. These complex signaling networks are regulated by post-translational modifications including protein phosphorylation. Kinases are important regulators of these signaling events. Earlier studies have shown that protein kinases are frequently involved in tumorigenesis and can act as cancer drug targets. Currently, there are 28 FDA approved small molecule kinase inhibitors . Therapies targeting aberrantly activated protein kinases have been routinely used to treat lung (Kris et al. 2003; Lynch et al. 2004) , gastric (Subbannayya et al. 2015b ), head and neck (Radhakrishnan et al. 2016) , breast (Rabindran et al. 2004) and pancreatic cancers (Harsha et al. 2008) , as well as chronic myelogenous leukemia (Druker et al. 2001) . Given the role of kinases in cell signaling and their potential to serve as therapeutic targets, phosphoproteome profiling is a promising approach to identify activated kinases associated with gallbladder tumorigenesis (Harsha and Pandey 2010) . To this end, we have employed high-resolution mass spectrometry coupled with TMT-based labeling approach on five GBC cell lines. Using this panel of 4 invasive and 1 non-invasive GBC cell lines, a total of 2623 phosphosites from 1343 proteins were i d e n t i f i e d . O f t h e s e , 5 5 p h o s p h o s i t e s w e r e hyperphosphorylated and 35 phosphosites were hypophosphorylated in both replicates and in all 4 invasive GBC cell lines. Interestingly, our bioinformatics analysis of the hyperphosphorylated proteins identified mTOR and Class I PI3K signaling events mediated by AKT to be among the top biological pathways dysregulated in the invasive GBC cell lines, whereas proteins involved in mTOR signaling (such as proline-rich AKT substrate of 40 kDa (PRAS40), FOXO3A and RPS6) were hyperphosphorylated in all four invasive cells analysed. PRAS40 is a negative regulator of mTOR signaling and has been previously reported to be hyperphosphorylated in multiple solid malignancies (Madhunapantula et al. 2007; Yuan et al. 2015; Lu et al. 2014) . Therefore, we thought to study and validate the role of PRAS40-mediated signaling in GBC tumorigenesis. PRAS40, also known as AKT1 substrate 1 (AKT1S1), is a known substrate of AKT and a 14-3-3 binding protein (Kovacina et al. 2003) . PRAS40 acts as a negative regulator of mTOR signaling by binding to mTOR and thus preventing interaction with its substrates. Phosphorylation of PRAS40 by AKT at T246 and by mTORC1 at S183 disrupts the binding between PRAS40 and mTORC1 and relieves its inhibitory effect (Chong 2016) . PIM1, a serine threonine kinase, has also been reported to phosphorylate PRAS40 at T246 independent of AKT (Zhang et al. 2009 ). PRAS40 has been found to be h y p e r p h o s p h o r y l a t e d i n m a l i g n a n t m e l a n o m a (Madhunapantula et al. 2007 ), HER2-positive breast cancer (Yuan et al. 2015) and gastric cancer (Lu et al. 2014) . PIMphosphorylated PRAS40, along with phospho-FOXO3A and 14-3-3, has been implicated to regulate radiation-induced radioresistance in non-small cell lung cancer (Kim et al. 2011) . Taken together, these studies indicate a role of phospho-PRAS40 (T246) in cancer progression and resistance to therapy. However, the role of PRAS40 in regulating GBC tumorigenesis has not been defined. In this study, we have assessed the role of PRAS40 in the molecular events involved in GBC and evaluated its biomarker potential.
Materials and methods

Cell culture
GBC cell lines -TGBC24TKB, TGBC2TKB, G-415 (RIKEN Bio Resource Center, Ibaraki, Japan), OCUG-1 (Health Science Research Resources Bank, Osaka, Japan), SNU-308 (Korean Cell Line Bank, Seoul, Korea) and GB-d1 were used in the study. GB-d1 was authenticated by short tandem repeat analysis. Properties and culture conditions of these GBC cell lines are provided in Supplementary Table 1. All cell lines were maintained in a humidified incubator with 5% CO 2 at 37°C. Cells were periodically monitored for mycoplasma using the MycoDetect kit (Greiner Bio-One) and authenticated using genetic fingerprinting (Identifiler, Applied Biosystems) before use.
Protein extraction and TMT labeling
The GBC cell lines were grown to a confluence of~80%. The cells were then rinsed thrice with phosphate buffered saline (PBS), devoid of Ca 2+ and Mg 2+ to remove traces of serum and growth factors. This was followed by an 8 h starvation in serum-free medium containing 1% penicillin-streptomycin. The cells were rinsed with PBS and lysed using SDScontaining lysis buffer (2% SDS, 5 mM sodium fluoride, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate in 50 mM triethyl ammonium bicarbonate (TEABC)). The cell lysates were sonicated, heated at 95°C for 5 min and centrifuged at 12,000 rpm for 10 min. Protein concentration was determined using bicinchoninic acid assays (BCA) method (Smith et al. 1985) . Filter aided sample preparation (FASP) was employed to remove SDS as described previously (Kim et al. 2014) . Briefly, equal amounts of protein from each cell line were reduced using dithiothreitol (DTT) at 60°C for 20 min. SDS micelles and protein detergent complexes were disrupted using 8 M urea. Ultrafiltration using 30 kDa cut-off filters (Merck Millipore) was assisted in filtering out the detergent and excess reagents. The peptides were alkylated with iodoacetamide (IAA) for 10 min at room temperature and the excess reagents were filtered out by centrifugation. A second buffer exchange further reduced the SDS concentration using 50 mM TEABC. Proteins digestion was carried out using TPCK-treated trypsin (Worthington) at a 1:20 enzyme to protein ratio for 12 h at 37°C. The samples were then dried and reconstituted in 50 mM TEABC buffer. Peptides from each sample were differentially labeled using TMT labeling reagents as per manufacturer's instructions (catalog # 90110, Thermo Fisher Scientific) as follows: TGBC24TKB with 126, SNU-308 with 127C, OCUG-1 with 128C, GB-d1 with 129C and G-415 with 130C.
Basic reversed-phase liquid chromatography (bRPLC) phosphopeptide enrichment using TiO 2
The TMT-labeled peptides were subjected to bRPLC fractionation, as described previously (Nagarajha Selvan et al. 2014) . The 96 fractions obtained were concatenated into 12 fractions. From these pooled fractions, 100 μg equivalent peptides were taken for total proteome analysis and the remaining were lyophilized and subjected to TiO 2 -based enrichment (Larsen et al. 2005) . The phosphopeptide-enriched TiO 2 beads were washed two times with 80% ACN in 3% TFA, eluted using 4% ammonia solution and neutralized with 3% TFA. Eluted peptides were vacuum dried, desalted using C 18 Stage Tips and stored at -20°C till further analysis.
LC-MS/MS analysis
The total proteome and enriched phosphopeptide fractions were analyzed on LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific) interfaced with Proxeon Easy nLC II system (Thermo Scientific) as described previously (Subbannayya et al. 2015a ). The following parameters were used for the LC-MS/MS analysis: MS and MS/MS scans were acquired at a mass resolution of 60,000 and 15,000 at 400 m/z, respectively. Full MS scans were acquired in m/z range of 350-1800. Twenty most abundant precursor ions with charge state ≥2 were selected for fragmentation using higher energy collision dissociation as the activation method with 42% normalized collision energy. Isolation width was set to 1.9 m/z.
The phosphopeptide fractions were analyzed twice on the mass spectrometer to obtain two technical replicates.
Data analysis
The mass spectrometry-derived raw data obtained were searched using Sequest and Mascot (version 2.2.0, Matrix Science) search algorithms against human protein database NCBI RefSeq (Release 65 containing 36,211 protein entries and known contaminants) using Proteome Discoverer (version 1.4) software suite (Thermo Fisher Scientific). The search parameters used for the data search are as follows: trypsin as the proteolytic enzyme with a maximum two missed cleavages, oxidation at methionine and phosphorylation at serine, threonine and tyrosine as dynamic modifications, alkylation (carbamidomethyl) at cysteine, TMT 6-plex (+229.163) modification at N-terminus of peptide and lysine as static modifications. Precursor and fragment mass tolerance were set at 10 ppm and 0.05 Da, respectively. PhosphoRS (version 3.1) was used to calculate the confident mapping of the phosphosite within the identified peptide (PhosphoRS score ≥ 75) (Taus et al. 2011) . The data was also searched against a decoy database to calculate the false discovery rate (FDR). Peptide spectral matches (PSMs) at 1% FDR were used for identification of proteins. TMT quantitation was done using reporter ion intensities. The ratios, invasive neoplastic/noninvasive neoplastic, were obtained as follows -127C (SNU-3 0 8 ) / 1 2 6 ( T G B C 2 4 T K B ) , 1 2 8 C ( O C U G -1 ) / 1 2 6 (TGBC24TKB), 129C (GB-d1)/126 (TGBC24TKB) and 130C (G-415)/126 (TGBC24TKB). Scatter plot was created using the log2 of ratio of both the replicates for each cell line. Pearson's correlation coefficient (r) was then calculated to evaluate the linear relationship between the two technical replicates for each cell line.
Bioinformatics analysis
The top biological pathways and processes associated with the hyperphosphorylated and overexpressed proteins in this study were identified through the use of Functional Enrichment Analysis tool (FunRich) (http://funrich.org). Proteins identified in this study were classified based on their primary localization, alternate localization, molecule class, molecular function, and biological process using the Gene Ontology (GO) compliant Human Protein Reference Database (HPRD; http://www.hprd.org) (Muthusamy et al. 2013; Goel et al. 2012) .
Expression data processing
RNA-Seq data was retrieved from TCGA database. Data preprocessing and normalization steps were performed in R version 3.1.0 using DEseq package from Bioconductor. To adjust for the possible batch and processing effect, we have employed XPN algorithm (R package, CONOR), as previously described (Shabalin et al. 2008) . The resulting matrix contained mRNA expression information for over 20 K genes across all analyzed samples. Normalized gene expression data were loaded into iPANDA (Ozerov et al. 2016; Makarev et al. 2017) . The software enables calculation of the Pathway Activation Score (PAS) for each of the pathways analyzed, a value which serves as a quantitative measure of differential pathway activation. A collection of intracellular signaling pathways strongly implicated with various solid malignancies was obtained from the NCI Pathway Interaction Database, and used for the computational algorithm as described previously (Ozerov et al. 2016 , Makarev et al. 2017 ).
Accessibility of proteomic data
The mass spectrometry-based raw data obtained in this study has been submitted to ProteomeXchange Consortium via the PRIDE public data repository (Vizcaino et al. 2016 ) and can be accessed using the data identifier -PXD007946.
Immunohistochemistry
The paraffin blocks of gallbladder adenocarcinoma and cholecystitis cases were obtained from Cancer Hospital and Research Institute, Gwalior, India. The approval from Institutional Human Ethics Committee and informed consent of the patients were obtained. Tissue microarrays (TMAs) were constructed at Lab Surgpath, Mumbai. IHC was carried out on these TMAs as described previously (Subbannayya et al. 2015a ). The sections were incubated with anti-PIM1 antibody at 1:100 dilution (Cat#HPA003941, SigmaAldrich) and anti-phosphoPRAS40 (Cat#2997, Cell Signaling Technology) antibody at 1:100 dilution overnight at 4°C in a humidified chamber. The immunohistochemical staining of the tissue sections was assessed by an experienced pathologist. The intensity of staining was scored on a grading scale ranging from 0 to 3+ (0 -negative staining, 1+ − weak staining, 2+ − moderate staining and 3+ − strong staining). The statistical significance of PIM1 and phospho-PRAS40 (T246) expression in gallbladder adenocarcinoma and cholecystitis was determined using two-tailed Chi-square test. Representative images were photographed at 20x magnification.
Western blotting
Whole cell extract of GBC cell lines were prepared using modified RIPA lysis buffer containing protease inhibitors (Roche) and phosphatase inhibitors (Thermo Scientific). Cells were either treated with vehicle control or with PIM1 antagonist, SGI-1776 (Cat#S2198, Selleckchem) (5 μM) or phosphatidylinositol 3 kinase (PI3K) inhibitor, LY294002 (Cat#9901, Cell Signaling Technology) (10 μM) and western blot analysis was carried out using 30 μg protein lysates as described previously (Chang et al. 2011 ). The following antibodies were obtained from Cell Signaling Technology: anti-PIM1 (Cat#2907), anti-phospho PRAS40 (T246, Cat#2997), anti-PRAS40 (Cat#2691), anti-phospho AKT (S473, Cat#4058), anti-AKT (Cat#9272), anti-FOXO3A (Cat#2497), anti-14-3-3 (pan) (Cat#8312), anti-phospho RPS6 (S240, Cat#2215) and anti-RPS6 (Cat#2217). Antiphospho FOXO3A (S253, ab154786) antibody was obtained from Abcam. β-actin (Cat#A5316, Sigma-Aldrich) was used as the loading control. ImageJ software was used to obtain densitometry of the resultant bands (Schneider et al. 2012 ).
Cell viability assays GBC cells (8 × 10
3 cells/well) were seeded in a 96-well plate. Cells were either treated with vehicle control or with PIM1 antagonist, SGI-1776 (2.5 μM) for 96 h in complete medium at 37°C in 5% CO 2 incubator. Cell viability was determined every 24 h using MTT (3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl tetrazolium bromide) assays as previously described (Chatterjee et al. 2006) . All experiments were performed in triplicate. Paired t-test was executed to evaluate the difference between the control and treated groups. P value <0.05 was considered to be significant and p value <0.001 was considered to be highly significant.
Colony formation assays
GBC cell lines (3 × 10 3 cells/well) were seeded in a 6-well plate. After 24 h, the cells were treated with PIM1 inhibitor, SGI-1776 (2.5 μM). The growth of cell colonies was monitored for up to 14 days. Colonies were fixed and stained with 4% methylene blue (Sigma) in 50% methanol. Counting of colonies formed was carried out in ten fields and representative images were photographed at 2.5x magnification. All experiments were performed in triplicate. Paired t-test was executed to evaluate the difference between the control and treated groups. P value <0.05 was considered to be significant and p value <0.001 was considered to be highly significant.
Cell invasion assays
Cell invasion assays were performed in a transwell system using cell culture inserts as previously described (Subbannayya et al. 2015a ). 2x10 4 GBC cells were used for the assay. Number of cells invaded was counted using a light microscope and representative images were photographed at 4x magnification. All experiments were carried out in triplicate. Paired t-test was executed to evaluate the difference between the control and treated groups. P value <0.05 was considered to be significant and p value <0.001 was considered to be highly significant.
Results
Identification of dysregulated phosphoproteins in GBC cells
We studied the altered signaling events in GBC using a mass spectrometry-based phosphoproteomic approach. Five cell lines (TGBC24TKB, SNU-308, OCUG-1, GB-d1 and G-415) were selected to study GBC cell proteome based on their invasive abilities. TGBC24TKB is a non-invasive cell line (Subbannayya et al. 2015a) , whereas SNU-308, OCUG-1, GB-d1 and G-415 have varied invasive abilities ranging from moderate to highly invasive (Fig. 1a) (Subbannayya et al. 2015a) . We carried out TMT-based quantitative phosphoproteomic analysis to identify dysregulated phosphoproteins in the invasive GBC cell lines as compared to the non-invasive TGBC24TKBcells (Fig. 1b) . On applying false discovery rate (FDR) cut-off of 1% and PhosphoRS probability cut-off of 75%, we identified a total of 2623 unique phosphosites corresponding to 2766 unique phosphopeptides from 1343 proteins (Supplementary Table 2 ). Among the phosphosites identified, 2290 (87%) were serine phosphorylated sites, 320 (12%) were threonine phosphorylated sites and 13 (0.5%) were tyrosine phosphorylated sites (Fig. 1c) . Majority of the peptides were found to be phosphorylated at one site (Fig. 1c) . Using a 1.5-fold cut-off, we identified 55 phosphosites to be hyperphosphorylated and 35 phosphosites to be hypophosphorylated in both the replicates and in all 4 invasive GBC cell lines as compared to the non-invasive T G B C 2 4 T K B c e l l s . T h e s e c o r r e s p o n d t o 4 9 hyperphosphorylated and 31 hypophosphorylated proteins, respectively. A partial list of hyperphosphorylated proteins in invasive GBC cell lines is provided in Table 1 . A scatter plot (Fig. 1d) depicts the correlation between the two technical replicates of the phosphoproteome data. High correlation between the technical replicates was found in all the GBC cell lines used in the phosphoproteomic experiment (r = 0.85 or higher).
The total proteome analysis led to the identification of a total of 2836 proteins, of which, 49 proteins were found to be overexpressed (≥1.5-fold) and 73 were downregulated (≤1.5-fold) in the invasive GBC cell lines when compared to the non-invasive control, TGBC24TKB. The complete list of identified proteins and their corresponding peptides is provided in Supplementary Table 3 and Supplementary Table 4 , respectively.
Bioinformatics analysis of the hyperphosphorylated and overexpressed proteins (1.5-fold) identified in the phosphoproteome and total proteome data, respectively, was carried out using FunRich (Pathan et al. 2015) . The top biological pathways identified are depicted in Fig. 2a , which includes mTOR signaling and Class I PI3K signaling events mediated by AKT. Cell growth and/or maintenance was among the top biological processes identified (Fig. 2b) . The phosphoproteomic data revealed hyperphosphorylation of proteins involved in the mTOR signaling, including PRAS40, FOXO3A and RPS6 (Table 1) . PRAS40 was hyperphosphorylated at T246 in both the replicates in all invasive GBC cell lines used in this study. The MS/MS spectrum for PRAS40 has been depicted in Fig. 2c . The total proteome data revealed that the PRAS40 expression remained unchanged in all the invasive GBC cell lines as compared to the non-invasive control, suggesting that phosphorylation is the dominant mechanism of PRAS40 regulation.
Immunohistochemical validation of PIM1 and phospho-PRAS40 in neoplastic gallbladder tissue
Since PRAS40 has been previously reported to be hyperphosphorylated in multiple solid malignancies (Madhunapantula et al. 2007; Yuan et al. 2015; Lu et al. 2014) , we next assessed the expression of phospho-PRAS40 (T246) and its upstream kinase, PIM1 (Zhang et al. 2009 ) in primary gallbladder adenocarcinoma and cholecystitis tissue using tissue microarray-based immunohistochemical analysis (Fig. 2d) . PIM1 staining showed cytoplasmic localization. Forty three percent (13 out of 30) of the gallbladder adenocarcinoma tissues demonstrated moderate to strong staining (2+ to 3+) and 33% (4 out of 12) of the cholecystitis cases showed negative to weak staining (0 to 1+) for PIM1 ( Fig. 2d and Table 2 ). Although Chi-square test indicated that the difference in PIM1 overexpression between gallbladder adenocarcinoma and cholecystitis cases was not significant, none of the cholecystitis cases showed strong staining (3+), suggesting a trend towards higher PIM1expression in tumors. To further assess this suggestion, we have checked the level of PIM1 mRNA expression in cholangiocarcinoma (n = 36) and normal (n = 9) samples available in The Cancer Genome Atlas (TCGA) database. Since the number of gallbladder cancers in TCGA is very limited due to the very rare and uncommon nature of this disease, we have used the cholangiocarcinoma cohort, a group of malignancies of the biliary epithelium that share common etiology, to conduct statistically appropriate analyses. Expression of PIM1 mRNA was significantly higher in tumors compared to the non-cancerous controls (Fig. 2e) , supporting the trend seen in our immunohistochemical analysis.
In contrast to PIM1, phospho-PRAS40 (T246) showed predominantly nuclear staining. About 77% (30 out of 39) of the gallbladder adenocarcinoma showed moderate to strong staining (2+ to 3+) and 78% (7 out of 9) of the cholecystitis showed negative to weak staining (0 to 1+), whereas none of the cholecystitis showed strong staining (3+) (Fig. 2d and Table 2 ). A Chi-square test indicated that there was a significant overexpression of phospho-PRAS40 in gallbladder adenocarcinomas compared to the cholecystitis cases (p value = 0.0017), indicating that gallbladder cancer tissue displays strong phospho-PRAS40 expression.
As PRAS40 phosphorylation by PIM1 and AKT is associated with mTOR activation (Chong 2016) and mTOR mRNA expression is significantly upregulated in TCGA cholangiocarcinoma cohort (Fig. 2e) , we next used iPANDA, a bioinformatics software suite for qualitative analysis of intracellular signaling pathway activation using transcriptomic data (Ozerov et al. 2016; Makarev et al. 2017) , to assess the level of mTOR and AKT pathways activation in TCGA cholangiocarcinoma dataset. The transcriptomic data from tissuespecific non-cancerous samples (n = 9) was used as a reference. mTOR and AKT signaling axes were derived from the Pathway Interaction Database (PID) curated by NCI/Nature. Interestingly, 77% and 97% of cholangiocarcinoma patients were predicted to have upregulated mTOR and AKT signaling pathways, respectively (Fig. 2f) . While the correlative analysis of PRAS40 phosphorylation with mTOR and AKT pathway activation status was not possible since the proteomic data is not yet available in TCGA, our results pose PRAS40 phosphorylation as an important event in gallbladder tumorigenesis. Interestingly, although PRAS40 mRNA levels did not differ significantly between the cholangiocarcinoma samples and normal controls (data not shown), further indicating that PRAS40 phosphorylation is most likely required for efficient downstream signaling, the overall patient survival and disease-free status was substantially better in patients with low mRNA level of PRAS40 (Supplementary Fig. 1 ).
Validation of expression of phospho-PRAS40 and its upstream kinases in GBC cells
PRAS40 is phosphorylated at T246 by two upstream kinases, AKT (Kovacina et al. 2003) and PIM1 (Zhang et al. 2009 ). We validated the expression of phospho-PRAS40 (T246) and two of its known upstream kinases -PIM1 and AKT1, in noninvasive GBC cell line, TGBC24TKB, and invasive GBC cell lines -SNU-308, OCUG-1, GB-d1, G-415 and TGBC2TKB using western blot analysis. Western blot analysis of phospho-PRAS40 (T246) expression correlated with the mass spectrometry results (Fig. 3a and b) , with all invasive cell lines demonstrating higher phospho-PRAS40 levels compared to the non-invasive control. Since PIM1 was not identified in the proteomic data, we evaluated its expression using western blot in GBC cell lines. Both AKT1 (phospho and total) and PIM1 proteins revealed a heterogeneous expression pattern across cell lines analyzed ( Fig. 3a and b) . However, there was no direct association of phospho-PRAS40 expression with either AKT1 or PIM1levels ( Supplementary Fig. 2a and 2b) . In addition, the data revealed no direct association of phospho-PRAS40 (T246) expression with the colony forming and invasive ability of the GBC cell lines ( Supplementary Fig. 2c and  d) . Owing to the diverse nature of GBC cell lines, this result does not rule out the role of phospho-PRAS40 (T246) in the GBC carcinogenesis. Hence, we next studied whether inhibition of PRAS40 phosphorylation affects cell survival, colony forming and invasive ability of GBC cell lines.
Inhibition of PIM1 reduces cellular proliferation, colony formation and invasive ability of GBC cells via inhibition of PRAS40 phosphorylation
Having observed PRAS40 hyperphosphorylation at T246 in GBC cell lines using mass spectrometry as well as western blot, we evaluated the effect of inhibition of PIM1 and/or AKT onPRAS40 phosphorylation pattern in GBC cell lines -TGBC24TKB, TGBC2TKB, OCUG-1, GB-d1 and G-415. Western blot analysis revealed a significant decrease in phospho-PRAS40 (T246) expression upon treatment with either SGI-1776 (PIM1 inhibitor) or LY294002 (AKT inhibitor) or both ( Supplementary Fig.  3 ). Since previous studies have reported that inhibition of AKT leads to a decreased viability in GBC cells (Leal et al. 2013 ), we did not evaluate the effect of AKT inhibition on phenotypic characters of our GBC cell panel. Upon treatment with PIM inhibitor SGI-1776, a significant decrease in cell proliferation (p value <0.05) (Fig. 3c) , colony forming (p value <0.001) (Fig. 4a and b) and invasive ability (p value <0.001) ( Fig. 4c and d) was observed in all GBC cell lines analyzed. These results suggest that inhibition of PRAS40 phosphorylation at T246 might remarkably decrease the tumorigenic ability of GBC cells regardless of their invasive potential.
Inhibition of PIM1 modulates mTOR signaling via inhibition of PRAS40 phosphorylation
Our results indicate that the inhibition of PIM1 results in decreased phosphorylation of PRAS40 and this in turn may play a role in cell proliferation, invasion and colony forming ability. Phosphorylation of PRAS40 has been shown to relieve its inhibitory control on mTOR signaling (Chong 2016) . Studies have reported the activation of mTOR signaling to be associated with tumor progression and poor prognosis in GBC (Cao et al. 2015; Leal et al. 2013) . To evaluate the role of PRAS40 in mTOR signaling, we assessed the phosphorylation levels of RPS6, a known mTOR substrate. We observed a decrease in the phosphorylation of RPS6 at S240 in presence of SGI-1776, LY294002 or both in combination (p value <0.05) (Fig. 5a, Supplementary Fig. 4 ). This indicates that inhibition of PIM1 modulates PRAS40 phosphorylation which in turn results in decreased mTOR signaling.
Inhibition of PIM1 leads to activation of FOXO3A in GBC via inhibition of PRAS40 phosphorylation FOXO3A is a transcriptional factor involved in regulation of cellular processes such as apoptosis. Phosphorylation of FOXO3A at three conserved residues (T32, S253 and S315) promotes its cytoplasmic retention (Brunet et al. 1999) . In addition, studies have demonstrated that phosphorylated FOXO3A forms a trimer with 14-3-3 proteins and phosphorylated PRAS40. This also results in cytoplasmic retention of the complex and prevents FOXO3A from transcriptionally activating pro-apoptotic factors (Kim et al. 2011) . We evaluated the effect of phospho-PRAS40 (T246) inhibition on the activation of FOXO3A. Western blot analysis revealed a decrease in the expression of phospho-FOXO3A (S253) in presence of either SGI-1776, LY294002 or their combination (p value <0.05) (Fig. 5a, Supplementary Fig. 4 ). Our results indicate that inhibition of PRAS40 phosphorylation using PIM1 inhibitor leads to loss of phosphorylation of FOXO3A in GBC cell lines.
Discussion
In this study, we employed phosphoproteomic analysis to elucidate the aberrantly activated signaling events associated with tumor progression and aggressiveness in GBC. Quantitative phosphoproteomic analysis of GBC cell lines based on their invasive capabilities led to the identification of 80 proteins that were differentially phosphorylated in invasive GBC cells. Bioinformatics analysis revealed mTOR signaling to be one of the enriched biological pathways in the phosphoproteomic as well as total proteomic data. PRAS40, a r e g u l a t o r o f m T O R p a t h w a y, w a s f o u n d t o b e hyperphosphorylated >3-fold at T246 in all 4 invasive GBC cell lines used in this study compared to the non-invasive cell line, TGBC24TKB. Hyperphosphorylation of PRAS40 has been reported in several cancers and has been indicated to play a role in cancer progression and resistance to therapy (Madhunapantula et al. 2007; Kim et al. 2011; Yuan et al. 2015; Lu et al. 2014) . PRAS40 is a known substrate of AKT and PIM, which have been shown to phosphorylate PRAS40 at T246 independently. PRAS40 is known to bind to mTORC1 and inhibit mTOR signaling. Phosphorylation of PRAS40 has been demonstrated to relieve its inhibitory control on mTORC1, resulting in the activation of mTOR signaling (Chong 2016) . The upstream kinase of PRAS40, PIM1 was not identified in the total proteome data using mass spectrometry. This may be either due to lack of proteotypic peptides for PIM1, incomplete fragmentation of the tryptic peptide or decreased abundance of PIM1 in comparison to the peptides analyzed from other highly abundant proteins. This however does not indicate absence of PIM1 expression in GBC cells and subsequently we found PIM1 to be expressed in GBC cell lines using western blot analysis. PIM1 is a serine threonine kinase and has been reported to play a role in cell survival, proliferation and differentiation (Zhang et al. 2009 ). It has been implicated in early transformation and tumor progression in several cancers including hepatocellular, prostate and non-small cell lung carcinoma, as well as in hematopoietic Fig. 3 Inhibition of PRAS40 phosphorylation reduces cell proliferation of GBC cells. a Western blot analysis depicting the expression pattern of phospho-PRAS40 (T246), PRAS40, PIM1, phospho-AKT1 (S473) and AKT1 in GBC cell lines. β-actin was used as loading control. b Graphical representation of the densitometry of p-PRAS40 (T246), PIM1 and p-AKT (S473). p-PRAS40 and p-AKT normalized to their total expression levels, PIM1 normalized to β-actin (*p < 0.05; **p < 0.01); AU-Relative abundance. c Cellular proliferation of GBC cells on inhibition with PIM1 inhibitor SGI-1776 (2.5 μM) using DMSO as a control (*p < 0.05; **p < 0.01; ***p < 0.001) malignancies. PIM1 has been found to regulate mTOR activity through phosphorylation of PRAS40 (Zhang et al. 2009 ).
Tissue microarray-based immunohistochemical analyses revealed significant overexpression of phospho-PRAS40 (T246) and a trend towards higher PIM1 expression in gallbladder adenocarcinoma cases compared to its predisposing inflammatory condition, cholecystitis. Supporting these observations, analysis of the signaling pathway activation in a cohort of cholangiocarcinoma tumors from TCGA database predicted that mTOR signaling and AKT pathway were elevated in the majority of cases, and was associated with the higher expression of PIM1 mRNA level in these tumors compared to the non-cancerous controls. Taken together, these findings suggest that phosphorylation of PRAS40 may play a role in orchestrating GBC tumorigenesis. SGI-1776 is an imidazol [1, 2-b] pyridazine small molecule that inhibits all three PIM kinases (PIM1, PIM2 and PIM3), with higher affinity towards PIM1. Studies have shown that treatment of acute myeloid leukemia and chronic lymphocytic leukemia with SGI-1776 induced apoptosis (Chen et al. 2009 (Chen et al. , 2011 . LY294002 is a highly selective inhibitor for PI3K and has been shown to block PI3K-dependent AKT phosphorylation and kinase activity. We demonstrate that treatment of GBC cells with SGI-1776 and LY294002 resulted in a decreased phosphorylation of PRAS40 at T246. Inhibition of PIM1 also showed a significant decrease in cellular proliferation, colony formation and invasive ability of GBC cells. These findings indicate that targeting PIM1 leads to decreased oncogenic potential of GBC via loss of PRAS40 phosphorylation, suggesting PIM1 as a potential therapeutic target in GBC.
Our phosphoproteomic data as well as western blot analysis revealed increased phosphorylation of the mTOR substrate, RPS6 at S240 in GBC. The role of PI3K/AKT/mTOR signaling in cell survival, activated by hormones and growth factors, has been well established. Activation of mTOR signaling in GBC is well documented (Leal et al. 2013; Cao et al. 2015) . Growth factors and hormones activate PIM1 and AKT which, in turn, phosphorylate PRAS40 at T246. Phosphorylated PRAS40 (T246) dissociates from mTORC1 and mTOR, in turn, phosphorylates PRAS40 at S183. Phosphorylation of PRAS40 at T246 and S183 leads to its binding with 14-3-3. mTOR, when activated, is involved in cell survival and growth through activation of its downstream substrates, phospho-RPS6 and EIF4E (Wang et al. 2012) . In this study, we show that inhibition of PIM1 leads to decreased phosphorylation of RPS6, indicating a decrease in mTOR signaling. I n o ur m as s sp ec t r o m et r y d at a , w e ob s e r ve d hyperphosphorylation of FOXO3A at S253 in 3 invasive GBC cell lines. Western blot analyses revealed a decrease in phosphorylation of FOXO3A upon inhibition of PIM1, AKT or both in all GBC cells analyzed. FOXO3A belongs to the family of forkhead box O (FOXO) family of transcription factors and is known to regulate targets involved in cell process including cell proliferation, apoptosis, oxidative stress and metabolism (Tzivion et al. 2011) . In this study, we show that inhibition of PIM1 leads to a decrease in phosphorylation of FOX3A at S253, indicating its activation and subsequent increase in cell apoptosis.
Taken together, this study along with earlier studies elucidate the role of PIM1-phosphorylated PRAS40 in increased cell survival and growth through the mTOR pathway as well as a decrease in cell apoptosis through the formation of trimer between phospho-PRAS40, 14-3-3 and p-FOXO3A and subsequent inactivation of FOXO3A (Fig. 5b) .
In summary, data from this study suggests that PRAS40 phosphorylation via PIM1 may have a role in cell survival through regulation of the mTOR signaling in GBC cells. Although our findings elucidate phospho-PRAS40 as a potential marker in GBC and suggests PIM1 as a potential therapeutic, this study does not rule out the involvement of other Fig. 5 Decrease in PRAS40 phosphorylation leads to a decrease in mTOR signaling and activation of FOXO3A. a GBC cell lines TGBC2TKB and G-415 were treated with PIM1 inhibitor SGI-1776 (5 μM) or PI3K inhibitor LY294002 (10 μM) or both. Western blot analysis of phospho-PRAS40 (T246), total PRAS40, PIM1, phospho-AKT (S473), total AKT, phospho-RPS6 (S240), total RPS6, pan 14-3-3, phospho-FOXO3A (S253) and total FOXO3A. β-actin was used as loading control. b Proposed PRAS40 signaling in GBC factors that may promote GBC cell survival and aggressiveness. Further clinical investigations are warranted to confirm the efficacy of these kinase inhibitors in GBC therapeutics.
